The forests of the northeastern US are globally, one of the fastest growing terrestrial carbon sinks due to historical declines in large-scale agriculture, timber harvesting and fire disturbance. However, shifting range distributions of tree species with warming air temperatures are altering forest community composition and carbon dynamics. Here, we focus on respiration, a physiological process that is strongly temperature and species dependent. We specifically examined the response of respiration (R; CO 2 release) to temperature in 10 broadleaved and six conifer species, as well as the respiratory quotient (RQ; ratio of CO 2 released to O 2 consumed) of nine broadleaved species that co-occur in the Hudson Highlands Region of New York, USA. The relationships between these physiological measurements and associated leaf traits were also explored. The rates of respiration at 20°C were 71% higher in northern-ranged broadleaved species when compared with both central-and southern-ranged species. In contrast, the rates of respiration at 20°C in northern-ranged conifers were 12% lower than in central-ranged conifers. The RQ of broadleaved species increased by 14% as temperatures increased from 15°C to 35°C. When RQ values were pooled across temperature, northern-ranged broadleaved species had 12% and 9% lower RQ values than central, and southern-ranged species, respectively, suggesting a reliance on alternative (non-carbohydrate) substrates to fulfill respiratory demands. A Pearson correlation analysis of leaf traits and respiration revealed strong correlations between leaf nitrogen, leaf mass area and R for both broadleaved and conifer species. Our results elucidate leaf trait relationships with tree physiology and reveal the various form and function strategies for species from differing range distributions. Compounded with predicted range distribution shifts and species replacement, this may reduce the carbon storage potential of northeast forests.
Introduction
Carbon storage in forested ecosystems is largely determined by the balancing processes of plant respiration and photosynthesis, which in turn are influenced by changes in climate, such as elevated air temperature, precipitation and atmospheric CO 2 levels (Aber et al. 2001 , Schuster et al. 2008 , Pan et al. 2009 ). Over the last three decades, temperate forests have increased their capacity as a carbon sink, largely due to regrowth after decades of large-scale agriculture, grazing and harvesting (Pan et al. 2011) . Although research has shown that net primary production and net ecosystem production of northeastern US temperate forests have not declined due to age-related maturity of tree stands (Xu et al. 2012 , Gough et al. 2016 , there is an urgent need to understand how forest carbon dynamics may change as changes in climate drive tree populations to migrate, expand or contract their range, in any given location.
Surface air temperatures in the northeastern US are projected to increase by 0.25°C per decade, and as a result, range distributions of temperate trees may shift as populations migrate in order to track their preferred climates (Pearson and Dawson 2003 , Hayhoe et al. 2007 , Schuster et al. 2008 . Compounded by the direct effects elevated temperatures have on plant and soil respiration, the indirect effects of changing species composition are likely to alter the total respiratory CO 2 released from the canopy as resident tree species are replaced with species that are currently on the northern edge of their range. To better predict carbon storage and cycling in these forests, it is necessary to quantify and compare rates of carbon exchange of cooccurring migrant and resident tree species to determine how these species are responding to changing climate conditions. Current estimates of global terrestrial respiratory flux indicate that foliar respiration (R) contributes~50% of the total plant respiratory CO 2 flux to the atmosphere and this is expected to increase as temperatures increase (Atkin et al. 2005 , 2007 , Pachauri 2007 , Heskel et al. 2016 . Studies of global plant respiratory responses find variation in the responses of R to temperature (RT) among plant functional types, species and populations located along range gradients (Gunderson et al. 2000 , Atkin et al. 2015 , Heskel et al. 2016 ). Thus, a better understanding of global variation in plant responses to a changing climate requires finer scale measurements of the respiratory response of species and population along range gradients, in which a single species can experience a broad range of temperatures depending on the exact location along their range (e.g., Wertin et al. 2011) . Recently, Heskel et al. (2016) developed a log-normal polynomial model of the RT response that accurately captures the observed increased R as temperatures increase, and allows for a straight forward comparison of the temperature sensitivity of R (i.e., slope of the curve across temperatures) across plant functional types and geographic location.
Predicting plant respiratory responses to temperature is potentially confounded by metabolic adjustments to the local thermal environment, a process known as acclimation (Atkin and Tjoelker 2003 , Smith and Dukes 2013 , Slot et al. 2014 , Smith et al. 2016 , Wei et al. 2017 ). Atkin and Tjoelker (2003) define thermal acclimation as a compensatory response in which respiration at a standard measuring temperature increases under cold temperatures and decreases under warm temperatures. The plasticity of the respiratory response to temperature depends on a number of factors, such as the variability in growing temperature and environmental conditions, the climatic provenance from which the species originated and the plant functional type (Atkin et al. 2005 , Campbell et al. 2007 , Smith and Dukes 2013 , Slot and Kitajima 2015 . Species that lack physiological plasticity or the ability to acclimate and adapt to their environment risk extirpation from their current location (Jump and Penuelas 2005 , Aitken et al. 2008 , Benito Garzón et al. 2011 , Valladares et al. 2014 .
A deeper look into the respiratory process under elevated temperatures could include examining variation in use of different respiratory substrates since species that use carbohydrates directly are able to extract energy more efficiently than those that use alternative substrates (de Vries et al. 1974) . The respiratory quotient (RQ) is the ratio of CO 2 released to O 2 consumed and may provide insight as to the substrate being used to fuel respiration (Tcherkez et al. 2003 , Angert et al. 2012 , although rates of nitrate metabolism (Hilman and Angert 2016) and CO 2 refixation may also contribute (Teskey et al. 2008, Hilman and Angert 2016) . Lower RQ values in the range of 0.4-0.7 indicate the use of proteins and fats, whereas an RQ of 1 indicates the use of carbohydrates, and higher RQ values indicate the use of organic acids (Ulrich 1941 , Azcón-Bieto et al. 1983 . Since respiratory efficiency is directly connected to the substrate utilized (Teskey et al. 2008, Hilman and Angert 2016) and dark respiration is impacted by temperature , a potential link is plausible between temperature and RQ. However, to our knowledge, little is known regarding RQ in deciduous tree species or how it may affect forest carbon budgets. Empirical estimates of RQ could provide important insights to the mechanisms various species use to respond to environmental change such as warming, and therefore to the resulting species composition of ecosystems experiencing change.
Many physiological responses to the environment are known to be conserved within ecotypes, plant functional types or location, which may be attributable to the relationships between leaf form and function , Wright et al. 2004 , Campbell et al. 2007 , Díaz et al. 2015 . For example, coldadapted plant leaves tend to be thicker and smaller with higher leaf mass area (L) and foliar nitrogen (N) contents than southern or warm-adapted plants (Reich et al. 1996 , Oleksyn et al. 1998 , Lee et al. 2005 . These variations in leaf traits have also been shown to be correlated to global estimates of respiration . Importantly, the relationships between leaf traits and dark respiration described in this previous work appear to be universal among all species in these global datasets. However, variations across species within a single biome containing many different plant functional types deem it necessary to quantify the responses on regional or local scales in order to gain insight into forest carbon dynamics in lieu of species distribution shifts.
The overall goal of this study was to examine the respiration of northern-, central-and southern-ranged tree species and their response to increasing temperature in a location experiencing rapid warming, where species' range distributions intersect and species replacement is occurring (Schuster et al. 2008) . To this end, we quantified the effects of increasing temperature on R of mature broadleaved and conifer species in Black Rock Forest, NY, USA. We further examined relationships among a suite of physical and biochemical leaf traits with R. Finally, we present for the first time the temperature response of RQ in broadleaved species and determined if RQ differed between range distributions. We hypothesized that (i) northern species have higher rates of R relative to central and southern species; (ii) northern species leaf traits promote higher rates of R than central and southern species; and (iii) northern species have lower RQ (increased use of proteins in the respiratory process) than their central and southern counterparts.
Materials and methods

Site description
This study was conducted in Black Rock Forest, a 1550 ha preserve located in the Hudson Highlands Region of southeastern New York (41.45°N, 74.01°W) with elevations between 110 and 450 m above sea level (Schuster et al. 2008) . Mean annual precipitation is 1200 mm and temperatures range from −2.7°C in January to 23.4°C in July (NOAA 2002) . The soils are medium-textured clay loams, acidic and low in nutrients, and are derived from glacial till overlying granitic bedrock (Lorimer 1981 , Olssen 1981 . The forest canopy is a mix of hardwoods comprised of~67% oak with the remainder consisting of nonoaks and~<2% conifers (Schuster et al. 2008 , Falxa-Raymond et al. 2012 . Extensive botanical surveys document of Black Rock Forest (Raup 1938 , Tryon and Finn 1949 , Friday and Friday 1985 , Barringer and Clemants 2003 show that the forest has lost two northern-and one central-ranged species and gained seven southern-ranged species over the course of 87 years (Schuster et al. 2008) . Black Rock Forest, like much of the Hudson Highlands, was repeatedly cleared through the mid to late 1800s (Tryon 1930) , although little of this forest was converted to agriculture (Raup 1938) . Land use records thus indicate the forest is even aged, and by selecting sunlit leaves from full canopy trees, differences in tree age were minimized (although tree age was not determined). While most of Black Rock Forest sits on shallow, rocky soils (Olssen 1981) , there is topographical variance that could potentially influenced the traits measured. Whenever possible the replicate trees and species were co-located or shared similar slopes, aspects and landscape positions, but regardless, all species were sampled from their naturally occurring distribution within the 1500 ha forest and thus reflect both genetic and natural environmental influences (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Leaf samples from broadleaved trees were collected in June 2013. Conifer samples were collected during the summer of 2014. Leaf samples were collected from six replicate mature trees from 16 species (10 broadleaved species and six conifer species) categorized into three range distribution groups (northern, central and southern; Table 1 ). Range categories were created based on species range maps (Little 1971 (Little , 1977 and affirmed by calculating each species' center range (latitude) and binning them into their respective groups (southern < 37°N, 37°N < central < 43°N, northern > 43°N) . Leaf samples were taken from sunlit, canopy branches to reduce environmental variability effects on leaf physiology. Canopy branches were shot down using a 12-gauge semi-automatic shotgun (TriStar Sporting Arms, Ltd., North Kansas City, MO, USA). Once the branches fell to the ground, they were placed in water where the stem was pruned for optimal water uptake. Branches were then tagged with their appropriate labels and brought back to the lab for processing. Since previous studies using detached branches have shown gas exchange measurements to be stable up to 14 h after harvesting, respiration measurements were made no more than 10 h after branch collection (Dang et al. 1997 , Mitchell et al. 1999 
Leaf trait measurements
In the lab, fully expanded leaves from each branch were chosen for use in the RT and RQ experiments. Leaves chosen from the branches were freshly weighed and projected leaf area (cm 2 ) was determined (Licor 3000C, Lincoln, NE, USA). Leaves were then placed in their respective cuvettes for experimental measurement (detailed below). After the measurements concluded, experimental leaves were placed into separate coin envelopes and dried in an oven at 60°C for 2 days. Dry mass (g) and leaf area (cm 2 ) were used to calculate leaf mass area (L; dry mass (g) divided by leaf area (m −2 )). Dried Leaves were ground into a fine powder using a ball mill (SPEX 8000 Mixer/Mill, Metuchen, NJ, USA). Two to four milligrams of dried leaf powder were then weighed into tin capsules and then run through a carbon-nitrogen flash analyzer (CE Elantech, Lakewood, NJ, USA) to determine % carbon, % nitrogen and the carbon to nitrogen ratio (C:N; grams per gram of leaf tissue). Leaf N in grams per mg of leaf tissue was then calculated. Leaf traits were recorded for leaves used in both the RT and RQ experiments.
Temperature response of leaf respiration (R)
Experimental leaves were placed into the cuvette of a custombuilt open flow plant gas exchange system to measure respiration. The system consisted of a compressed air cylinder, a mass flow controller (Model SR-10; Sierra Instruments, Monterrey, CA, USA), a chromed, water-jacketed leaf cuvette milled from brass, and an infrared gas analyzer (LI-6262, Li-Cor, Inc., Lincoln, Nebraska, USA). The 15 cm × 10 cm × 2.5 cm leaf cuvette contained entire leaves and was sealed with a Viton gasket between the milled cuvette and the 13 mm thick Lexan top with eight screws. Leak test was performed at the start of each day during the calibration routine by flowing dry CO 2 free air through the cuvette and assuring there were no CO 2 or water vapor signals.
The cuvette was well mixed with four small mixing fans (Sunon Blower Y9926, Sunonwealth Electric Machine Industry Co., Ltd, Kaohsiung City, Taiwan) and a forced airflow pattern assuring constant airflow over both sides of the leaf, which was suspended on monofilament. Inside the cuvette, a fine wire type E thermocouple (wire size equals 30 AWG; 0.25 mm diameter) attached to an adaptor was pressed against the lower leaf surface to measure temperature. Air temperature was similarly measured by a fine wire thermocouple placed near the outlet of the mixed cuvette. The cuvette was covered with a dark cloth in order to allow the leaf to respire and stop photosynthesis. Using a thermostatically controlled, circulating waterbath (Julabo F25-ME, Allentown, PA, USA) the air temperature inside the cuvette was increased from 5°C to 40°C at a rate of 1°C min −1 . During the measurements, air flow through the cuvette was maintained at 500 ml min −1 and CO 2 (μmol CO 2 m −2 s −1 ) released from the darkened leaf was measured continuously using a common protocol developed to survey respiratory temperature responses (O'Sullivan et al. 2013 , Heskel et al. 2014 . The CO 2 flux calculation was corrected for water vapor dilution and band-broadening effects before being divided by the leaf area or leaf mass of each sample. This process was repeated for each of the leaf samples collected from the six replicate trees for each of the 16 species.
Quantification of RT curves, R 10 and R 20
All individual leaf respiration values over the entire temperature (T) range were natural-log-transformed (ln). To best represent respiration response to T, all 92 RT curves were fitted to a second-order log-polynomial model suggested by Heskel et al. (2016) , since it minimized residuals of the high-resolution data and did not incorporate parameters that were based upon biological assumptions of activation energies
By defining ln R (R is the respiration at a given leaf T), we were able to solve for the a, b and c coefficients that accurately fit the data and provided parameters that define a reference offset of the response curve at 0°C (a) and describe the slope/nonlinear quadratic shape of the RT curves (b, c). Modeled RT responses expressed per unit leaf area (ln RT area ) or mass (ln RT mass ) were derived by using mean values of the a, b and c parameters for specific groupings of interest (i.e., range distribution and species). We analyzed R at 10°C and 20°C (R 10 and R 20 , respectively), which were temperatures of ecological relevance at Black Rock Forest, representing the majority of the growing season's ambient nighttime temperature range.
Respiratory quotient
Three to four replicate trees for nine broadleaved species were used in the RQ experiment (Table 1 ). The RQ was not measured for any conifer species. All leaves were collected from a single branch from each replicate tree and were placed into a glass mason jar cuvette. The cuvette was lowered into a temperature controlled, circulating waterbath and a 2 cm thick foam cover was placed over the top to insulate the cuvette and minimize light. The leaf samples were left to acclimate in an open cuvette for 10 min to allow for free air exchange to ensure the cuvette was well mixed. Following the acclimation period, the glass cuvette was sealed, and a diaphragm pump continuously circulated air from the cuvette to a carbon dioxide (IRGA Li 840 infrared gas analyzer, Li-Cor, Inc., Lincoln, Nebraska, USA) and oxygen sensor (SO-210 Fast Oxygen Sensor, Apogee Instruments, Logan, UT, USA), which recorded gas concentrations within the cuvette under three different temperatures (15, 25 and 35°C) . The concentrations of O 2 and CO 2 , along with the atmospheric temperature and pressure inside the system, were continuously recorded with a data logger (CR10X, Campbell Scientific, Logan, UT, USA). Trials were run until CO 2 reached a minimum of 3000 ppm allowing for changes in oxygen levels to be detected (see Figure S2 available as Supplementary Data at Tree Physiology Online). After each trial, leaves were placed into a refrigerator to reduce the rate of respiration while the temperature of the system was adjusted. The RQ was calculated from the ratio of carbon production to oxygen consumption:
Statistical analysis 
Results
Respiration and temperature effects for broadleaf and conifer species
The values of the three RT polynomial parameters that describe the species level relationships between temperature and R differed among species and groups. Specifically, the area-and mass-based a parameter, which describes the offset of respiration at 0°C, was significantly different across broadleaved species ( Figure 1A and E, Table 2; see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). Similarly, the area-and mass-based b and c parameters, which together describe the shape of the relationship, were also significantly different across broadleaved species (Table 2; see Tables S1 and   S2 available as Supplementary Data at Tree Physiology Online). For conifer species, while the area-based b parameter varied significantly across species (Table 2; see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online), differences in the area-based a parameter were marginal yet significant when ln RT is expressed per unit leaf mass. No significant differences were found in the area-based c parameter, yet significant differences were found in the mass-based c parameter yet ( Figure 1C and G, Table 2; see Tables S1 and S2 available ) at 10°C, we found statistically significant species level differences for area-and mass-based R 10 and R 10 N g −1 , for both broadleaved and conifer species (Table 2) . Similarly, in comparing area-and mass-based R and R per gram N at 20°C, area and mass-based R 20 and R 20 N g −1 were also significantly different amongst broadleaved and conifer species (Table 2; see  Table S3 available as Supplemental Data at Tree Physiology Online). When species were grouped by geographic range, the mean area-and mass-based a parameter for northern-ranged broadleaved species were significantly higher than that of central-and southern-ranged species, respectively (Tables 2 and 3, Figure 1B and F). However, the b and c parameters were not significantly different among any range groups (Tables 2 and 3, Figure 1C ). For conifers, northern and central-ranged species did not differ significantly in the area-based a, b or c parameters (Tables 2 and 3 , Figure 1D ). However, the mass-based a parameter was significantly higher in northern conifers while the mass-based c parameter was significantly lower when compared with central-ranged Figure 1 . Modeled area-and mass-based ln RT curves based on measured mean respiration values for broadleaved (A and E) and conifer species (C and G) for each measured temperature degree (°C). Modeled area-and mass-based ln RT curves were created by using species' mean values of a, b, and c polynomial coefficients (see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). Modeled area-and mass-based ln RT curves for broadleaved (B and F) and conifer ranges (D and H) were based on the mean range values of a, b and c polynomial coefficients (Table 2) . See Table 1 for explanation of species abbreviations.
Tree Physiology Online at http://www.treephys.oxfordjournals.org conifers (Tables 2 and 3 , Figure 1H ). In comparing area-and mass-based R and R per gram N of broadleaved species at each of 10 and 20°C, we found that both R 10 and R 20 were significantly higher for northern-ranged broadleaved trees than their central and southern counterparts (Table 2, Figure 2A , B, E, F, I and J). However, for conifers, we found that while area-based R 10 did not differ significantly among northern-and central-ranged species (Table 2, Figure 2C ), mass-based R 10 and R 20 were significantly higher in northern conifers than central-ranged species (by 57% and 50%, respectively) (Table 2, Figure 2G and H). In contrast, area-based R 20 was 13% higher in centralranged conifers compared with northern conifers (Table 2, Figure 2D ). In the case of R per gram N at 10°C and 20°C, respiration was significantly higher (by 38% and 36%, respectively) in northern-than in central-ranged conifers (Table 2 , Figure 2K and L). Note: Area-based respiration at 10 and 20 C is denoted by R 10 area and R 20 area respectively. Mass-based respiration at 10 and 20C is denoted by R 10 mass and R 20 mass respectively.
Leaf traits for broadleaf and conifer species: L, N and C:N
Leaf mass area (L), N per unit leaf area (N area ), and N per unit leaf mass (N mass ) and C:N differed significantly across species for both broadleaved and conifer species (Table 2; see  Table S3 available as Supplementary Data at Tree Physiology Online). When species were grouped by geographic range, no statically significant differences were found in L across northern, central or southern broadleaved species (Table 2, Figure 2M ). In contrast, central-ranged conifers had significantly higher L (by 72%) than northern-ranged conifers (Table 2, Figure 2N ). Northern-ranged broadleaved species had significantly higher N area and N mass (by 30% and 18%, respectively) than centralranged species, while N area and N mass in southern range trees did not differ statistically from either northern-or central-ranged trees (Table 2, Figure 3A and 4C). Among conifers, central-ranged trees had 56% higher N area than northern-ranged trees (Table 2 , Figure 3B ), while N mass did not differ significantly (Table 2 , Figure 3D ). Northern-ranged broadleaved trees had significantly lower C:N (by 14%) than central-ranged trees, while the C:N of southern-ranged trees did not differ statistically from either northern-or central-ranged trees (Table 2, Figure 3E ). For conifers, no significant difference in C:N was found among northern-and central-ranged trees (Table 2, Figure 3F ).
Respiratory quotient for broadleaf species
Respiratory quotient (RQ) values varied significantly across species, range and temperature (Table 4, Figure 4 ). Northernranged trees had significantly lower RQ values than their centraland southern-ranged counterparts (Table 4, Figure 4B ). While RQ was significantly higher at 35°C, it did not differ significantly between 25°C and 15°C after all species were pooled (Table 4, Figure 4C ). No significant differences were found between RQ and temperature within species and within range (Table 4) .
Correlations among R, RQ and leaf traits
The Pearson correlation test revealed statistically significant correlations between RQ and temperature (r 2 = 0.16, P < 0.001) as well as RQ and N mass (r 2 = −0.04, P < 0.05) when all species were pooled. However, there was no statistically significant correlation found between RQ and L (r 2 = −0.037, P = 0.33).
Pearson's correlation test of broadleaved species leaf and respiration traits revealed significant positive correlations between N mass and R mass , as well as between N mass and R area (Table 5 ). The N area was positively correlated with L, R area , R 20 N g −1 and the ln RT coefficient a (Table 5 ). Significant negative correlations were found between area-and mass-based respiration, R 20 N g
and C:N (Table 5 ). In conifers, there were significant positive correlations between L and C:N, as well as L and N area (Table 5 ). In contrast, L was negatively correlated with N mass , R mass and R N g −1 , and likewise, R N g −1 was negatively correlated with N area , while R mass was negatively correlated with C:N and N area (Table 5 ). Significant correlations between the respiration polynomial coefficients and both R area and R mass for both broadleaved and conifer species were found.
Discussion
Respiratory rates and leaf traits vary by geographical range
Northern broadleaved species had significantly higher rates of area-, mass-and N-based respiration at both 10°C and 20°C Table 3 . Mean area and mass-based polynomial coefficients (a, b and c) and 95% confidence intervals (CI) for northern, central and southern ranged broadleaved (n = 10) and conifer species (n = 6). Polynomial coefficients were calculated from natural-log-transformed rates of leaf respiration responses to temperatures ranging from 5 to 40°C. One-way ANOVAs were performed to statistically compare mean values of the coefficients across range category. Least-squared means and confidence intervals were calculated and post hoc analysis was used to determine the differences between range groups (denoted by unshared letters Tree Physiology Online at http://www.treephys.oxfordjournals.org compared with southern-and central-ranged species. Likewise, northern conifers had significantly higher rates of N-and massbased respiration at 10°C and 20°C, although lower area-based respiration at 20°C. Several studies have found that dark respiration is generally higher in species native to colder environments at high latitudes or altitudes (Mooney and Billings 1961 , Mooney 1963 , Lechowicz et al. 1980 , Friend and Woodward 1990 , Reich et al. 1996 , although some studies have shown little difference (Schol, Chapin and Oechel 1983 , Atkin and Day 1990 , Collier 1996 , Gunderson et al. 2000 , Bolstad et al. 2003 , Lee et al. 2005 , Tjoelker et al. 2008 ). For example, Mitchell et al. (1999) found that in a southeastern US deciduous forest, higher altitudinal populations of Acer rubrum, Carya glabra, Quercus alba, Quercus prinus and Quercus rubra all had higher respiration rates than their lower altitudinal counterparts. Similarly for conifers, Oleksyn et al. (1998) found higher rates of respiration in high compared with low altitude populations of Picea abies, and Reich et al. (1996) found that populations of Pinus sylvestris at more northern latitudes had higher rates of respiration than their southern counterparts. Although the results of these provenance studies largely parallel our findings regarding the higher respiration rates of northern broadleaved species, we did find evidence that the climate of origin for our conifer species had the opposite respiratory response at 20°C on an area basis. Our results suggest that species turnover in northeastern US forests may lead to differences in the tissue-specific rates of leaf respiration, which may affect rates of forest respiratory carbon efflux. However, we recognize that altered forest structure, respiratory temperature acclimation and increases in air temperatures are likely to influence these responses. Furthermore, since our experimental design sampled naturally occurring individuals rather than trees planted in a common garden, we cannot fully attribute the observed patterns in physiological traits directly to intrinsic species differences. Some of the observed variance in the physiological capacity of these species may instead be related to local environmental conditions of the specific sampling locations throughout the forest.
We found that leaf traits differed significantly between geographic range groups in both conifer and broadleaved trees, although the direction and magnitude of these differences were both leaf trait and functional group specific. Relative to their central-ranged counterparts, northern-ranged broadleaved species had higher N area , N mass and lower C:N, while northern-ranged conifers had lower N area and L than their central counterparts. While it is widely assumed that species from cold places have higher N and L (Körner 1989 , Körner et al. 1991 , and thus should have higher area-and mass-based respiratory rates, our findings indicate that the higher N and L from the 16 species measured are not sufficient to explain the higher respiratory rates observed in northern species. Generally, when relationships between leaf N and latitude are found, they have been attributed to changes in N availability or physical leaf traits such as L. For example, Reich et al. (1996) suggested that the prominence of low N availability in colder habitats resulted in the higher N content of northern populations of Scots pine, contrary to our findings for conifers. We suggest N area of conifers sampled in this study may have been morphologically constrained by the size and geometry of conifer needles, limiting the overall response of this leaf trait to environmental resource availability. Since many methods use projected leaf area to estimate area-based measurements, the geometry of the needle is usually not taken into account when comparing area-based physiology of conifer species. Incorporating a variety of leaf structural traits (e.g., area-and mass-based foliar N) may help elucidate the N-leaf physiology relationship in conifers and better detect patterns found across populations (Reich et al. 1996 , Lloyd et al. 2013 . Reich et al. (1996) note that mass-based N measurements relate N content more directly to the chemistry and metabolism of the leaf than to its structure (e.g., area-based measurements). A B C Figure 4 . Mean respiratory quotient (RQ) across species (A; all temperature data pooled), range (B; all species × temperature data pooled) and temperature (C; all species data pooled). Error bars represent 1 SEM. Means not sharing a common letter are significantly different (P < 0.05) by Tukey contrasts.
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Further, these authors reference the study by Körner (1989) in which the mass-based N content of evergreens did not differ significantly across latitude or altitude, which parallels our findings of the statistically similar N mass between northern and central conifers. The comparable N mass values among conifers suggest that the low N area (due to the higher surface area of a needle with low L) may have contributed to the statistically similar and low R area found in northern-ranged conifers at 10°C and 20°C, respectively. In addition to the higher N of northern Scots pine populations, Reich et al. (1996) found higher rates of respiration when compared with southern populations. This result parallels our finding that northern conifers have higher R area at 20°C and higher mass and N-based R (at both 10°C and 20°C) than central-ranged species. Although both mass-and area-based foliar N were not found to be significantly different between northern and southern broadleaved species, the higher respiration rates of northern-ranged broadleaved species may be a factor of other biochemical or anatomical traits not measured in this study ( Figure 2 ). Consideration of multiple leaf traits, including massand area-based traits, is clearly essential to gain a mechanistic understanding of respiratory responses across range distributions and among plant functional types.
Respiration and leaf N correlations are supported by studies of leaf traits and plant performance (Reich et al. 1996 , Tjoelker et al. 1999 , Lee et al. 2005 . Global patterns of leaf trait-physiological relationships typically show one of two opposing allocation strategies: (i) low L, high foliar N content, and high photosynthesis and respiration rates or (ii) high L, low foliar N content, and low photosynthesis and respiration rates (Reich et al. 1995 , Poorter and Bongers 2006 . Although we found no pattern among range distributions, we found that conifers species with higher L had lower mass-based N and respiration (with no effect on area-based respiration), higher C:N, yet higher N area , which is consistent with the second allocation strategy. Reich and Walters (1994) suggest that species with high L tend to have high N area because N mass decreases more slowly than L increases. Tougher, higher L conifers may allocate more carbohydrates to structural biomass due to their long leaf life-spans, and this may lead to selection against high N content in N-limited environments (hence a lower N mass ). This shift in allocation away from high N components used to support metabolism reduces R mass and maintains a positive carbon balance . In contrast to the observed conifer response, we found that broadleaved species did not exhibit either allocation strategy. Instead, species with a higher L had higher N area and R area , and species with higher N mass also had increased R area and R mass . The positive correlation between N and R may be attributed to the high maintenance cost of leaves rich in nitrogenous enzymes. A previous study at Black Rock Forest comparing trait and physiological relationships found red maple to have low L, low foliar N and poor physiological performance relative to red oak, which has high L, high foliar N and superior physiological performance (Nagel et al. 2002) . Correlations between leaf traits and Table 5 . Pearson correlation coefficients of leaf traits and physiology for broadleaved (below the diagonal) and conifer species (above the diagonal). Area-based polynomial coefficients are shown in the table. N varies from 36 (conifers) to 56 (broadleaved) individual trees for the bivariate comparisons. Correlations with significant P-levels are in boldface and denoted with asterisks (0.02 > P < 0.05 (*); P = 0.01 (**), P < 0.001 (***)). respiratory physiology found in this study extend our knowledge of how species with different range distributions optimize leaf architecture for resource capture.
RQ shifts with geographic range and across temperature
Northern-ranged broadleaved species had a significantly lower RQ than their central and southern-ranged counterparts, with no differences between central and southern species. These findings suggest that relative to southern species, northern species use proportionally less carbohydrates and more alternative substrates (e.g., proteins and fatty acids-Ulrich 1941, Azcon-Bieto et al. 1983) . High rates of respiration resulting in the depletion of carbohydrate reserves may promote the use of other substrates to fuel the respiratory process, thereby lowering the RQ. Given that species native to warm habitats exhibit lower respiration rates than cold-adapted species (Mooney and Billings 1961 , Mooney 1963 , Lechowicz et al. 1980 , Friend and Woodward 1990 , Reich et al. 1996 , Oleksyn et al. 1998 , Mitchell et al. 1999 , the higher RQ of warm-adapted species suggests that our southern-and central-ranged broadleaved species are relying mostly on carbohydrates, reducing the need to incorporate alternative substrates for respiration. A possible additional factor contributing to the lower RQ observed in northern broadleaved species could be the internal recycling of respired CO 2 fixed by the PEPcase enzyme (Masumoto et al. 2010 , Angert et al. 2012 , Hilman and Angert 2016 . Activity of the PEPcase enzyme is not only temperature sensitive, but also varies by species (Rathnam 1978 , Chinthapalli et al. 2003 . Our study does not distinguish which part of the respiratory pathway is being altered and thus cannot determine the relative effects of CO 2 refixation vs changes in respiratory substrates as the proximate cause of the lower RQ. Relatively few studies report the effects of temperature on RQ, yet it could provide further mechanistic understanding of forest carbon dynamics. We found that RQ was higher at 35°C compared with both 15°C and 25°C across all species, a response that differs from previous studies. Fonseca et al. (2002) found that RQ did not change significantly for kale across temperatures ranging from 1 to 20°C, while Tcherkez et al. (2003) found RQ to decrease under elevated temperatures in French bean. Tcherkez et al. (2003) attribute this response to increased enzymatic activity that elevates rates of dark respiration and carbohydrate consumption, thereby increasing the use of alternate substrates. The small number of RQ studies, with inconsistent findings and use of a narrow niche of model plants, warrants further study of temperate tree species under a warming climate and across geographic ranges.
Conclusions
Carbon dynamics and storage potential of forest ecosystems are influenced by shifts in species composition and the physiological rates of resident and migrant tree species under changes in climate condition levels (Aber et al. 2001 , Schuster et al. 2008 , Pan et al. 2009 ). To gain insight into the temperature tolerances of temperate tree species in the northeastern US, our work used a new model to estimate the respiratory response of cooccurring species that have different historic range distributions. In addition, we aimed to elucidate leaf trait relationships with tree physiology to reveal the various form and function strategies for species from differing range distributions. Finally, we present for the first time, RQ and its temperature response across a broad range of temperate tree species in the northeastern US Our findings are in partial agreement with each of three hypotheses, indicating complex respiratory responses to increasing temperature among both plant functional types and species from different range distributions. For broadleaved species we found a clear pattern in respiration rates where northern broadleaved species had higher rates of respiration relative to central-and southern-ranged species across all measurement temperatures. In contrast, our various measures of respiration among northernand central-ranged conifer species were less consistent, with northern species having higher mass and N-based rates, and lower area-based rates at only higher measurement temperatures. Further, we found that northern broadleaved species exhibited lower RQ values than their more southerly counterparts, showing for the first time that unlike southern species that use carbohydrates, northern species may also rely on fat and protein substrates to support their higher rates of respiration. These findings are valuable because, to our knowledge, estimates of respiratory response to changes in ecologically relevant temperatures were unknown for this suite of species that co-occur in the northeastern US. Further, they suggest that given the differences in respiration rates between conifers and broadleaved species, the likely pattern of species migration with climate change and the higher rates of carbon loss from broadleaved species, which make up 98% of the forest, the overall impact of climate change may be to reduce the forest's carbon storage potential.
While our study focused on mature trees, future studies quantifying the effect of elevated temperatures on young seedlings parented from field trees could reveal which species and ecotypes are exhibiting physiological plasticity or acclimation. Further study on the photosynthetic performances and growth response to a range of environmental gradients will enable researchers to predict how species populations will tolerate changing climatic conditions in the next century. In addition, the physiological estimates of resident and migrant species will provide critical species-specific data that can be incorporated into species distribution models in order to gain insight into the success of a species' range shift as populations try to migrate to a suitable climatic habitat. As species migration and range distributions expand, restrict or persist, the regions these populations potentially occupy will most likely lead to a cascade of ecological consequences that could drive changes in the understory and the biotic community, influencing carbon gas exchange on a regional and global scale.
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